Sphingosine-1-phosphate (S1P), a bioactive sphingolipid metabolite, has been implicated in regulating vascular tone and participating in chronic and acute kidney injury. However, little is known about the role of S1P in the renal microcirculation. Here, we directly assessed the vasoresponsiveness of preglomerular and postglomerular microvascular segments to exogenous S1P using the in vitro blood-perfused juxtamedullary nephron preparation. Superfusion of S1P (0.001-10 mM) evoked concentration-dependent vasoconstriction in preglomerular microvessels, predominantly afferent arterioles. After administration of 10 mM S1P, the diameter of afferent arterioles decreased to 35%65% of the control diameter, whereas the diameters of interlobular and arcuate arteries declined to 50%612% and 68%66% of the control diameter, respectively. Notably, efferent arterioles did not respond to S1P. The S1P receptor agonists FTY720 and FTY720-phosphate and the specific S1P1 receptor agonist SEW2871 each evoked modest afferent arteriolar vasoconstriction. Conversely, S1P2 receptor inhibition with JTE-013 significantly attenuated S1P-mediated afferent arteriolar vasoconstriction. Moreover, blockade of L-type voltage-dependent calcium channels with diltiazem or nifedipine attenuated S1P-mediated vasoconstriction. Intravenous injection of S1P in anesthetized rats reduced renal blood flow dose dependently. Western blotting and immunofluorescence revealed S1P1 and S1P2 receptor expression in isolated preglomerular microvessels and microvascular smooth muscle cells. These data demonstrate that S1P evokes segmentally distinct preglomerular vasoconstriction via activation of S1P1 and/or S1P2 receptors, partially via L-type voltagedependent calcium channels. Accordingly, S1P may have a novel function in regulating afferent arteriolar resistance under physiologic conditions. Sphingosine 1-phosphate (S1P) is recognized as an important signaling molecule in diverse biologic processes. 1,2 Growing evidence indicates that S1P plays an important role in regulating vascular reactivity. 3-5 S1P is a bioactive sphingolipid metabolite and is released from erythrocytes, platelets, and endothelial cells. 6, 7 The majority of S1P effects are mediated via five distinct receptors (S1P1-S1P5 receptors), which represent a family of small G proteincoupled receptors (GPCRs) 5 ; however, S1P can also exist in the cytoplasm as a second messenger involved in Ca 2+ mobilization or cell survival and proliferation. 8,9 S1P1-S1P3 receptors are expressed by a wide variety of tissues, whereas S1P4 and S1P5 receptors are mainly expressed in cells of the immune and nervous systems. 4, 10 In the vasculature, endothelial cells mainly express S1P1 and S1P3 with variable expression of S1P2, whereas vascular smooth muscle cells express S1P2 and S1P3 with variable expression of S1P1. [3] [4] [5] Studies in animals show that application of exogenous S1P
Sphingosine 1-phosphate (S1P) is recognized as an important signaling molecule in diverse biologic processes. 1, 2 Growing evidence indicates that S1P plays an important role in regulating vascular reactivity. [3] [4] [5] S1P is a bioactive sphingolipid metabolite and is released from erythrocytes, platelets, and endothelial cells. 6, 7 The majority of S1P effects are mediated via five distinct receptors (S1P1-S1P5 receptors), which represent a family of small G proteincoupled receptors (GPCRs) 5 ; however, S1P can also exist in the cytoplasm as a second messenger involved in Ca 2+ mobilization or cell survival and proliferation. 8, 9 S1P1-S1P3 receptors are expressed by a wide variety of tissues, whereas S1P4 and S1P5 receptors are mainly expressed in cells of the immune and nervous systems. 4, 10 In the vasculature, endothelial cells mainly express S1P1 and S1P3 with variable expression of S1P2, whereas vascular smooth muscle cells express S1P2 and S1P3 with variable expression of S1P1. [3] [4] [5] Studies in animals show that application of exogenous S1P causes either vasoconstriction or vasodilation of isolated arteries from several vascular beds. 3, 4 Although S1P receptor expression is detected in kidneys, [11] [12] [13] little is known about the effects of S1P on renal microvascular function. Early studies showed that S1P evoked vasoconstriction in isolated intrarenal arteries. 14 Intravenous infusion of S1P to rats in vivo decreased renal blood flow (RBF) without changing mean arterial pressure. 15 Genetic studies found a significantly higher RBF in anesthetized S1P2 gene knockout mice compared with wild-type mice. 16 These studies suggest that S1P may be important in regulating renal vascular function. More recent studies show that S1P signaling pathways are upregulated under several pathologic conditions including renal ischemia-reperfusion injury, diabetic nephropathy, and hypertensive renal injury. 17 For example, administration of the S1P receptor agonist FTY720 significantly attenuated renal injury in 5/6 nephrectomy hypertensive rats by reducing lymphocyte infiltration in kidneys. 18 Both mRNA and protein levels of S1P2 receptors are increased in diabetic rat kidney tissue and S1P-induced vasoconstriction is significantly enhanced in isolated-perfused diabetic rat kidneys. 13 In addition, renal ischemia-reperfusion markedly increases mRNA expression of S1P1, S1P2, and S1P3 receptors in the renal cortex. 19, 20 Activation of S1P1 receptors 19, 21 or selective blockade of S1P2 receptors 20 protects against renal ischemia-reperfusion injury. Overall, these studies indicate that alteration of S1P receptor signaling may contribute to renal injury under pathologic conditions. Therefore, it is important to determine the role of S1P in renal microvascular function. In this study, we focused on elucidating the influence of exogenous S1P on renal microvascular caliber and determining the distribution of S1P receptors in renal microvessels. Figure 1 illustrates the responses of different segments of the preglomerular and postglomerular microvasculature to increasing concentrations of S1P (0.001-10 mM) utilizing the in vitro blood-perfused juxtamedullary nephron (JMN) preparation. Baseline diameters averaged 14.760. 4, 19. 261.2, 27.462.0, and 56.867.6 mm for afferent and efferent arterioles and interlobular and arcuate arteries, respectively ( Figure 1A) . Superfusion of S1P evoked concentration-dependent vasoconstriction in all segments of preglomerular microvessels but predominantly in afferent arterioles. Afferent arterioles started to vasoconstrict upon administration of 0.001 mM S1P decreasing the diameter to 95%61% of the control ( Figure 1B ), but significant vasoconstriction was observed from 0.01 mM, which reduced the diameter to 87%63% of the control (P,0.05). When the concentration of S1P reached 10 mM, afferent arterioles showed potent vasoconstriction. The arteriolar diameter declined to 35%65% of the control (P,0.05). S1P also vasoconstricted upstream arteries in a concentration-dependent fashion but was less efficacious. Diameters of interlobular and arcuate arteries declined to 50%612% and 68%66% of the control, respectively, in response to 10 mM S1P. Interestingly, efferent arterioles were completely unresponsive to S1P even at 10 mM, whereas superfusion of NE (0.1 mM) reduced the diameter of those efferent arterioles by 8.8%62.4%. Figure 1C depicts the temporal behavior of S1P on afferent and efferent arteriolar reactivity. S1P-induced afferent arteriolar vasoconstriction occurred almost immediately after applying S1P on the kidney surface and achieved a steady state Figure 1 . Effect of S1P on renal microvascular reactivity. (A) Superfusion of exogenous S1P is assessed on arcuate arteries (triangles), interlobular arteries (diamonds), afferent arterioles (circles), and efferent arterioles (squares) using the in vitro blood-perfused JMN preparation while perfusion pressure is held at 100 mmHg. Data represent the actual diameters of each renal microvascular segment. (B) The same data are normalized as a percentage of the control diameter for each group. (C) Time course of the S1P response on afferent and efferent arteriolar diameters. Each data point reflects the mean diameter response collected from afferent arterioles (circles) and efferent arterioles (squares) at 12-second intervals. Molar S1P concentrations are depicted in between the dashed vertical lines. Values are expressed as the mean6SEM. *P,0.05 versus the baseline diameter in the same group. n=5-6 in each group. Cont., control period; Rec., recovery period.
RESULTS

Exogenous S1P Causes Segmentally Distinct Renal Microvascular Responses
within 30-60 seconds, but arteriolar diameter quickly recovered to the control diameters after S1P was removed from superfusate. By contrast, efferent arterioles did not even produce a transient diameter response to S1P over the broad concentration range tested.
Effect of Intraluminal Administration of S1P on Renal Microvascular Reactivity Because S1P is mainly produced from endothelial cells and circulating cells in vivo, 6,7 perfusion of S1P in the blood might exert different effects on renal vascular reactivity. Figure 2 illustrates the renal microvascular responses to intraluminal administration of S1P (0.1 mM) compared with the effect of S1P delivered in superfusion solution (superfusion data were extracted from Figure 1B ). Intraluminal administration of S1P reduced the diameters of arcuate and interlobular arteries and afferent arterioles to 90%61%, 81%63%, and 79%63% of the control, respectively, similar to the vasoconstrictor responses induced by abluminal superfusion of S1P (P.0.05).
The efferent arteriolar diameter still remained unchanged in response to intraluminal S1P delivery.
Effects of S1P Receptor Agonists FTY720 and FTY720-Phosphate on Afferent Arteriolar Reactivity To determine which receptors mediate S1P-induced vasoconstriction of preglomerular microvessels, we assessed the afferent arteriolar response to FTY720, a S1P receptor agonist, for all S1P receptors except S1P2. FTY720 evoked concentrationdependent vasoconstriction of afferent arterioles (Figure 3) . The baseline diameter averaged 14.160.3 mm ( Figure 3A ) and declined to 97%61%, 93%6%2, 92%62%, 89%62%, and 87%62% of the control in response to increasing concentrations of FTY720 ( Figure 3B ). Because FTY720 achieves its action by being converted to its biologically active form, FTY720-phosphate, in vivo, 22 the modest vasoconstriction with FTY720 compared with S1P could reflect inefficient activation of the S1P receptor by FTY720. Accordingly, the response to FTY720-phosphate was assessed. As expected, FTY720-phosphate caused greater vasoconstriction than FTY720 over the same concentration range (Figure 3) .
Effect of the S1P1 Receptor Agonist SEW2871 on Afferent Arteriolar Reactivity We determined the effect of the selective S1P1 receptor agonist, SEW2871, on afferent arteriole diameter. SEW2871 evoked concentration-dependent vasoconstriction of afferent arterioles ( Figure 3 ). Baseline diameter averaged 14.460.8 mm ( Figure 3A ) and declined to 98%61%, 93%62%, 88%63%, 85%63%, and 80%64% of the control diameter ( Figure 3B ) in response to SEW2871. SEW2871 was a significantly less effective vasoconstrictor compared with S1P but was similar to FTY720 and FTY720-phosphate.
Effect of S1P2 Receptor Antagonism on S1P-Mediated Afferent Arteriolar Vasoconstriction To assess the role of S1P2 receptors in S1P-induced vasoconstriction, we determined the effect of selective S1P2 receptor blockade with JTE-013 (1 or 10 mM) on the afferent arteriole response to S1P. During a 30-minute incubation period with JTE-013 (1 mM), the baseline arteriolar diameter averaged 15.960.4 mm and remained relatively constant ( Figure 4A ). The S1P concentration curve, however, was shifted significantly to the right by JTE-013 ( Figure 4 , B and C). S1P decreased arteriolar diameter to 101%62%, 99%63%, 90% 65%, 76%67%, and 54%68% of the control in the presence of JTE-013 compared with a 96%62%, 89%62%, 73%62%, 53%62%, and 35%66% reduction in diameters in the absence of JTE-013, respectively. With 10 mM JTE-013, the arteriolar diameter increased significantly by 8%-9% during the first 10 minutes (P,0.05), but gradually declined to diameters similar to the control by 30 minutes ( Figure 4A ). The S1P concentration-response curve, however, was shifted further to the right with the diameter declining to 102%61%, 99%62%, 96%62%, 85%62%, and 65%65% of the control Figure 2 . Comparison of intraluminal and abluminal administration of exogenous S1P on renal microvascular reactivity. Renal microvascular reactivity is assessed using the in vitro blood-perfused JMN preparation while perfusion pressure is held at 100 mmHg. Baseline diameter is measured for arcuate arteries (Arc.; n=3), interlobular arteries (Interlob.; n=3), afferent arterioles (Afferent; n=9), and efferent arterioles (Efferent; n=3) before S1P exposure. S1P is administered luminally (black bars; n=4 rats) by the addition of S1P to the blood perfusate to achieve a plasma concentration of S1P approximating 0.1 mM and the diameters of the same microvascular locations are measured again. The second measurement depicts the effect of luminal S1P on the diameter of that renal microvascular segment. The results obtained with luminal S1P administration are compared with the responses of S1P (0.1 mM) delivered in the superfusion solution (white dash bars; data are extracted from Figure 1B ( Figure 4 , B and C). Accordingly, S1P-induced afferent arteriolar vasoconstriction was significantly attenuated by JTE-013 (P,0.05 versus S1P alone), implicating S1P2 receptors in the response. KCl-mediated vasoconstriction was unchanged by JTE-013 and averaged 46%65% and 49%64% of the control without and with JTE-013, respectively.
S1P-Mediated Afferent Arteriolar Vasoconstriction
Was Blunted by Blocking Voltage-Dependent L-Type Calcium Channels L-type calcium channels (L-VDCCs) are important regulators of preglomerular microvascular reactivity for many vasoconstrictors. [23] [24] [25] [26] To determine the role of L-VDCCs in S1P-mediated vasoconstriction, we examined the afferent arteriolar response to S1P in the presence of the L-VDCC blockers diltiazem or nifedipine. A single dose of S1P (0.1 mM), which caused a modest afferent arteriolar vasoconstriction (Figure 1) , was chosen. As illustrated in Figure 5A , S1P alone reduced the arteriolar diameter by 19%64%. Diltiazem (10 mM) significantly inhibited S1P-mediated vasoconstriction. The arteriolar diameter declined by only 5%62% in response to S1P (P,0.05 versus S1P alone), suggesting that S1P-mediated vasoconstriction is achieved largely via activation of L-VDCCs. To confirm this finding, we used another L-VDCC inhibitor, nifedipine. S1P alone decreased the arteriolar diameter by 25%64% (Figure 5B) , and this response was reduced to just 13%65% in the presence of nifedipine (1 mM, P,0.05 versus S1P alone). The magnitude of the inhibition by nifedipine was similar at nifedipine concentrations of 1, 3, or 5 mM.
Effect of Intravenous Injections of Exogenous S1P on RBF in Anesthetized Rats In Vivo
To confirm the in vitro observation that S1P is a potent vasoconstrictor of preglomerular microvasculature, we performed an in vivo study by measuring RBF responses to bolus injections of S1P in anesthetized rats. Intravenous injection of exogenous S1P reduced RBF dose dependently ( Figure 6A ). RBF declined by 0.560.2 ml/min in response to S1P at 1.0 mg/kg and further decreased by 1.860.4, 4.260.4, 6.360.4, and 7.760.5 ml/min (P,0.05) after S1P was increased from 2.5 to 20 mg/kg, respectively, without significant changes in BP. In contrast, RBF remained stable during vehicle injections. Figure 6B shows original recordings of RBF and BP illustrating the rapid reduction and recovery in RBF in response to bolus injections of S1P.
Protein Expression of S1P Receptors in Isolated Preglomerular Microvessels
We examined S1P receptor expression in isolated preglomerular microvessels by Western blot analysis ( Figure 7 ). S1P1 (44 kD) and S1P2 receptor protein (48 kD) were detected in isolated preglomerular microvessels ( Figure 7 , A and B). S1P3 (47 kD), S1P4 (45 kD), and S1P5 (45 kD) receptor protein were undetectable in preglomerular microvessels but detected in homogenates from liver, spleen, and HeLa cells, respectively, as positive controls ( Figure 7 , C-E). No bands were detected in renal microvessels or positive controls when normal rabbit serum IgG was incubated instead of primary S1P antibodies (data not shown). Figure 7F summarizes densitometry data revealing S1P1 and S1P2 receptor expression in preglomerular microvessels.
S1P Receptor Expression in Isolated Preglomerular Microvascular Smooth Muscle Cells
We also assessed S1P receptor expression using immunofluorescence staining in microvascular smooth muscle cells (MVSMCs) isolated from preglomerular microvessels. S1P1 and S1P2 receptors were detected in MVSMCs ( Figure 8 , A and B). No staining was observed in the cells stained with primary antibodies against S1P3 receptors ( Figure 8C ). Figure 8D shows negative control when the primary antibodies against S1P receptors and a-smooth muscle actin were omitted. Cells were confirmed to be MVSMCs by immunostaining with a-smooth muscle actin and the Hoechst nuclear stain.
DISCUSSION
This study provides novel evidence that exogenous S1P evokes potent vasoconstriction of the preglomerular microvasculature but not efferent arterioles. Of the preglomerular vascular segments tested, afferent arterioles were the most reactive. The nonselective S1P receptor agonist FTY720 and its biologically active form, FTY720-phosphate, and the selective S1P1 receptor agonist SEW2871 also cause concentration-dependent vasoconstriction of afferent arterioles, but all were less potent than S1P. Furthermore, selective antagonism of S1P2 receptor activation with JTE-013 significantly attenuated S1P-induced vasoconstriction. S1P1 and S1P2, but not S1P3, S1P4, and S1P5, receptor proteins were detected in isolated preglomerular microvessels and MVSMC. In addition, S1P-induced vasoconstriction of afferent arterioles was largely inhibited by the L-VDCC blockers diltiazem and nifedipine. These studies demonstrate that S1P caused afferent arteriolar vasoconstriction by stimulating S1P1 and S1P2 receptors, mainly via calcium influx through L-VDCC. The potent vasoconstrictor effect of S1P on afferent arterioles but not on efferent arterioles suggests that S1P may function as a novel regulator of afferent arteriolar function under physiologic conditions.
Since the discovery of S1P as a ligand for a family of small GPCRs, 5 S1P is recognized as an important signaling molecule involved in diverse biologic processes and function. 1, 2, 5 Recent studies indicate that S1P plays an important role in regulating vascular tone in resistance vessels, including cerebral, coronary, and mesenteric arteries 16, [27] [28] [29] [30] [31] [32] ; however, very little is known about the renal influence of S1P under either physiologic or pathophysiologic conditions. Bischoff et al. reported that S1P vasoconstricted isolated intrarenal arteries 14 and reduced RBF without changing arterial pressure in anesthetized rats, 15 indicating that S1P may be an important regulator of renal vascular function. The intrarenal arteries, however, contribute less to overall renal vascular resistance than microvessels and the S1P receptor signaling pathways involved in S1P-mediated renal vasoconstriction are also unknown. In this study, we utilized the blood-perfused JMN preparation to directly assess segmental renal microvascular reactivity to exogenous S1P. Our study demonstrates that S1P is a potent vasoconstrictor of afferent arterioles, whereas it is less effective on upstream renal arteries. Afferent arterioles responded to S1P at concentrations as low as 0.001 mM and reached a significant vasoconstriction at 0.01 mM, which is similar to the S1P concentration range found in interstitial fluid and plasma. 3, 6, 33, 34 A B C Figure 4 . Effect of S1P2 receptor blockade on basal afferent arteriolar diameter and S1P-mediated afferent arteriolar vasoconstriction.
(A) Effect of S1P2 receptor inhibition with a selective S1P2 receptor antagonist, JTE-013 (1 mM, squares; or 10 mM, diamonds, respectively), on basal afferent arteriole diameter during a 30-minute incubation period compared with control afferent arterioles superfused with a vehicle (circles). (B) Afferent arteriolar responses to increasing concentrations of S1P in the absence (circles) and presence of JTE-013 (1 mM, squares; or 10 mM, diamonds, respectively). Data represent the actual diameters from each group. (C) The same data are normalized as the percentage of control diameter for each group. S1P-induced afferent arteriolar vasoconstriction is significantly attenuated by JTE-013 concentration dependently. Values are expressed as the mean6SEM. *P,0.05 versus the control diameter in the same group; † P,0.05 versus vasoconstriction with superfusion of S1P alone. n=6-7 in each group. Con, control. Our results also show that afferent arterioles are highly sensitive to S1P compared with the resistance vessels from other vascular beds. [27] [28] [29] Importantly, in contrast with the effect of S1P in preglomerular microvessels, we found efferent arterioles to be completely unresponsive to S1P. Despite the lack of an efferent arteriole response to S1P, NE vasoconstricted those same efferent arterioles as reported earlier, 35 indicating that these arterioles were capable of responding to vasoconstrictor signals but just were not responsive to S1P. We also found that each segment of the renal microvasculature responded similarly to exogenous S1P regardless of whether S1P was administered intraluminally or abluminally. Efferent arterioles were still unresponsive to S1P, supporting the unique lack of reactivity of efferent arterioles to S1P. These segmentally distinct actions of S1P suggest intrarenal heterogeneity in S1P receptor expression and distribution.
The S1P receptors were initially named as endothelial differentiation gene 1 receptors. 36 To date, five S1P receptors (S1P1-S1P5) have been identified and cloned. Generally, S1P1, S1P2, and S1P3 receptors are major receptors expressed in endothelial and vascular smooth muscle cells. Interestingly, S1P mainly acts at resistance vessels causing vasoconstriction or vasodilation, 3, 4, 30, 31, 37, 38 whereas it has little or no effect in conduit vessels such as the aorta, although S1P receptors were detected in aortic smooth muscle cells. 37 S1P receptors (S1P1-SIP3) are Figure 6 . Effect of intravenous injections of exogenous S1P on RBF in anesthetized rats in vivo. RBF is assessed in anesthetized rats in vivo by bolus injections of S1P (circles; n=6) or methanol as vehicle control (squares; n=3) via the femoral vein at least at 5-minute intervals. Baseline RBF is similar between S1P and vehicle control groups (9.760.7 versus 9.561.3 ml/min g kidney weight). (A) Dosedependent reduction in RBF in responses to bolus injections of S1P (circles, n=6) compared with vehicle control rats (squares, n=3). Data are expressed as the mean6SEM. *P,0.05 versus the baseline RBF before a bolus of S1P injection. (B) Original recording from a representative rat showing rapid and transient reductions in RBF (bottom traces) in response to increasing bolus injections of S1P without significant changes in BP (top traces). Vertical dash lines indicate S1P injection. Bar=5-second period. BW, body weight. Figure 7 . Protein expression of S1P receptors in isolated rat preglomerular microvessels. Representative Western blot images for S1P1 (A), S1P2 (B), S1P3 (C), S1P4 (D), and S1P5 (E) receptor expression in isolated preglomerular microvessels. Homogenates from brain, heart, liver, spleen, and HeLa cells are used as positive control tissues for S1P1, S1P2, S1P3, S1P4, and S1P5 receptor expression, respectively. b-Actin serves as a loading control and is shown in the bottom of each panel. Densitometry analysis of S1P receptor protein expression in isolated preglomerular microvessels is summarized in F (n=4 rats for each receptor studied). Data are expressed as the mean6SEM.
detected in whole kidney tissue, renal medulla, and glomeruli 11, 12 ; however, the distribution of S1P receptor expression in the renal microvasculature has not been studied. We demonstrate here that both S1P1 and S1P2 proteins are abundantly present in isolated preglomerular microvessels, whereas S1P3, S1P4, and S1P5 receptor protein expression was not detected. Importantly, we did detect protein expression in positive controls for each S1P receptor, whereas no bands were evident in renal microvessels or positive control samples when normal rabbit serum IgG was substituted for primary S1P antibodies, confirming that the primary antibody detection is specific rather than nonspecific binding. In addition, the lack of detection of S1P4 receptors in renal microvessels agrees with the findings of Ota et al., who reported positive staining for S1P4 receptor protein in pulmonary arteries but not intrarenal arteries. 39 Furthermore, to distinguish between endothelial or tubular cell expression, 11, 12 we isolated MVSMCs from preglomerular microvessels. Consistent with Western blot data, S1P1 and S1P2, but not S1P3, receptors were strongly detected in isolated MVSMCs. These observations are consistent with functional studies conducted using pharmacologic probes such as the selective S1P1 receptor agonist SEW2871 and the selective S1P2 receptor antagonist JTE-013.
FTY720 is a synthetic S1P analog whose bioactivity is enhanced by phosphorylation to FTY720-phosphate. FTY720-phosphate acts at S1P1, S1P3, S1P4, and S1P5, but not S1P2, receptors, whereas SEW2871 is a selective S1P1 receptor agonist. In this study, we found that the magnitude of afferent arteriolar vasoconstriction induced by SEW2871 is similar to responses produced by FTY720 and FTY720-phosphate but significantly less than responses evoked by S1P. We were unable to detect expression of S1P3, S1P4, and S1P5 receptors in preglomerular microvessels and/orMVSMCs, suggesting that S1P1 receptors are the major receptors contributing to FTY720 and FTY720-phosphate-mediated vasoconstriction of afferent arterioles.
Evidence indicates that stimulation of endothelial S1P1 receptors activates nitric oxide synthase, which in turn leads to nitric oxide release. 40 Therefore, S1P1 receptormediated vasoconstriction may be modulated by S1P-induced endothelial nitric oxide production. This postulate needs further investigation. Overall, the SEW2871-evoked vasoconstriction of afferent arterioles combined with the evidence of S1P1 receptor protein expression indicates the existence of S1P1 receptors in preglomerular microvasculature.
Our results also demonstrate a role of S1P2 receptors contributing to S1P-mediated vasoconstriction of preglomerular microvessels. JTE-013 is a potent and selective S1P antagonist at S1P2 receptors. 32, 41 In this study, S1P-mediated afferent arteriolar vasoconstriction was significantly blunted by JTE-013 in a concentrationdependent manner, suggesting that S1P2 receptors participate in S1P-mediated vasoconstriction in rat kidneys. Because JTE-013 reportedly blocked endothelin or KCl-induced vasoconstriction of cerebral arteries, its specificity for S1P2 receptors was questioned. 27 However, in our experimental setting, the vasoconstrictor response of afferent arterioles to KCl is similar with or without JTE-013, suggesting that the inhibitory effect of JTE-013 on S1P-induced vasoconstriction is unlikely to reflect a nonspecific inhibition of S1P2 receptors. Furthermore, JTE-013 completely inhibited the vasoconstriction induced by low S1P concentrations (0.001-0.1 mM) which are considered S1P2 receptor dependent. 38 Interestingly, afferent arteriolar diameters tended to increase immediately after exposure to 10 mM JTE-013. Although the relaxation to JTE-013 was not statistically significant at the end of the incubation period, the tendency of JTE-013 to vasodilate implies that endogenous S1P may present. Our observation of an afferent arteriolar dilation during S1P2 receptor blockade is consistent with a study in anesthetized S1P2 gene knockout mice that exhibited significantly higher RBF compared with wild-type mice, 16 suggesting that endogenous S1P increases renal vascular resistance through S1P2 receptor activation. Intracellular S1P levels are tightly regulated by the balance between its synthesis by sphingosine kinase and degradation by S1P lyases and sphingosine phosphatase. 1 S1P levels can be increased under inflammatory conditions, platelet activation, hypoxia, and atherosclerosis [1] [2] [3] 6, 7 ; however, it is unclear what the normal stimuli are leading to increased production of S1P in blood vessels under physiologic conditions. Studies in hamster gracilis muscle resistance arteries and rabbit posterior cerebral arteries suggest that S1P can be stimulated in response to elevation of transmural pressure. 31, 38, 42 Therefore, more studies are needed to explore the renal S1P signaling pathway to advance our current knowledge. Collectively, the functional data combined with the Western blot and immunofluorescence data suggest that S1P1 and S1P2 receptors are responsible for S1P-mediated vasoconstriction of the preglomerular microvasculature. S1P receptor activation can trigger various intracellular signaling pathways, including intracellular Ca 2+ release, RhoA/ Rho kinase, generation of reactive oxygen species, and endothelial nitric oxide synthase activation. 3, 4, 43 Because the S1P-induced afferent arteriolar vasoconstriction was significantly blocked by diltiazem or nifedipine, it is reasonable to conclude that L-VDCC activation plays an important role in S1P-mediated vasoconstriction of preglomerular microvessels. This is consistent with the observations by Bischoff et al. that Ca 2+ influx plays a major role in regulating S1P-mediated renal vasoconstriction in anesthetized rats in vivo. 44 L-VDCCs play a prominent role in controlling RBF and GFR by maintaining basal renal vascular tone and regulating preglomerular microvascular responses to various vasoconstrictor stimuli. [23] [24] [25] [26] 45, 46 Thus, the involvement of L-VDCCs in S1P-mediated vasoconstriction of preglomerular microvessels implies that S1P may play an important role in regulating renal vascular resistance and in controlling the renal microcirculation. Nevertheless, a small proportion of S1P-mediated afferent arteriolar vasoconstriction was retained in the presence of diltiazem or nifedipine, suggesting that other intracellular signaling pathways may also be involved.
Comparing S1P with many other common vasoconstrictors on afferent arteriolar reactivity shows that the S1P-mediated vasoconstriction of afferent arterioles is less potent than the vasoconstriction induced by endothelin 1, 47 but similar to the vasoconstriction induced by other GPCR agonists, such as angiotensin II, 35, 48 arginine vasopressin, 48 and NE, 35 whereas S1P is more potent than ATP. 49 It requires approximately 10 pM of endothelin-1, 6 nM of angiotensin II, 70 nM of S1P, 200 nM of arginine vasopressin, 300 nM of NE, and 100 mM of ATP to achieve a 25% reduction of afferent arteriolar diameters. The concentration of S1P (70 nM) required for this change is in the middle of those often vasoconstrictors, suggesting that biologic behavior of S1P is similar to a number of other important vasoconstrictors. Because the afferent arterioles are the primary renal resistance vessels and are vital in regulating RBF and glomerular filtration, the unique vasoconstrictor influence of S1P in afferent but not efferent arterioles suggests that endogenous S1P may be a novel regulator of afferent arteriolar function and thus glomerular hemodynamics. To further support our in vitro findings, we performed an in vivo study by measuring RBF responses to bolus injections of S1P in anesthetized rats. Consistent with the report by Bischoff et al., 15 intravenous injection of exogenous S1P decreased RBF without significant changes in BP. The rapid reduction and recovery in RBF in response to a bolus of S1P are consistent with the behavior of S1P on afferent arteriolar reactivity measured in the in vitro.
In summary, this study reveals that S1P is a potent vasoconstrictor of preglomerular microvessels. Furthermore, S1P1 and S1P2, but not S1P3, S1P4, and S1P5, receptor proteins are detected in the isolated preglomerular microvessels and MVSMCs. Our results demonstrate that S1P evokes afferent arteriolar vasoconstriction via activation of S1P1 and S1P2 receptors, mainly via L-VDCC activation. Because afferent arterioles are of major importance in regulating RBF and GFR, the exclusive vasoconstrictor influence of S1P in afferent but not efferent arterioles strongly implies a fundamental importance of S1P signaling in controlling glomerular capillary pressure and glomerular filtration. Altered S1P mediated reactivity in afferent arterioles might contribute to the development of renal injury under pathologic conditions, such as ischemia-reperfusion renal injury, hypertension, and diabetes. Therefore, a better understanding of the S1P signaling mechanisms in renal microvascular regulation is an essential step in predicting both the physiologic and potential therapeutic effects of S1P in patients with renal disease.
CONCISE METHODS
Animals
Male Sprague-Dawley rats (n=178; Charles River Laboratories, Raleigh, NC) weighing 350-400 g were housed in a 12-12 lightcontrolled room and had free access to standard chow and drinking water. All experiments were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals using procedures approved by the Institutional Animal Care and Use Committee at Georgia Regents University (formerly Georgia Health Sciences University).
In Vitro Blood-Perfused JMN Preparation JMN was prepared as previously described. 50, 51 Briefly, two rats (i.e., two rats per experiment) were anesthetized with pentobarbital (50 mg/kg intraperitoneally). The right kidney from the kidney donor was cannulated via the superior mesenteric artery and continuously perfused with Tyrode's solution containing 5.2% BSA (Calbiochem, La Jolla, CA). Blood was collected from the kidney and blood donors into a heparinized syringe (500 IU) and processed by centrifuging, collecting the plasma fraction, and washing the erythrocyte fraction twice with saline. The plasma and washed erythrocytes were mixed to form a reconstituted blood perfusate with a hematocrit of approximately 33%.
The perfused kidney was harvested and prepared for videomicroscopy experiments. 50, 51 After completing the dissection procedures, the kidney was visualized under a light microscope (Nikon Eclipse E600FN; Nikon, Tokyo, Japan) fitted with a Nikon water-immersion objective (340) and bathed with 37°C Tyrode's buffer superfusate containing 1% BSA. The perfusate was switched to the reconstituted blood delivered from a sealed, pressurized reservoir continuously gassed with 95%O 2 /5%CO 2 while perfusion pressure was held at 100 mmHg. Perfusion pressure was monitored using a polyethylene pressure cannula positioned within the perfusion cannula and connected to a pressure transducer (model TRN005; Kent Scientific Corporation, Torrington, CT). The focused image of the inner cortical surface of the kidney was displayed on a video monitor and recorded on DVD for later analysis. Afferent arteriolar inner diameters were measured at a single site, at 12-second intervals using a calibrated image-shearing monitor (model 908; Vista Electronics, Valencia, CA) and the mean diameter was calculated from the average of all diameter measurements obtained during the final 2 minutes of each treatment period.
Experimental Protocol
Each protocol began with a 5-minute control period to establish the steady state arteriolar diameter with perfusion pressure held at 100 mmHg after an initial equilibration period (at least 15 minutes). The following experiments were conducted.
Experiment 1: Effect of Exogenous S1P on Renal Microvascular Reactivity
After the control period, S1P concentrations over a log concentration scale from 0.001 to 10 mM were superfused directly onto the inner cortical surface for 5 minutes at each concentration while perfusion pressure was maintained at 100 mmHg. Only one vessel was studied from each kidney preparation for afferent or efferent arterioles and interlobular or arcuate arteries. Each group consisted of five to six kidneys. Because methanol was used for dissolving S1P, we conducted vehicle control experiments for methanol to establish its effect on afferent arteriolar reactivity (n=5). The effects of methanol on afferent arteriolar reactivity were assessed during exposure to increasing concentrations of methanol (0.000076%-0.76%) that mimic the methanol concentrations contained in the S1P solutions (0.001-10 mM). The results from the vehicle control experiments showed that the afferent arteriolar diameter remained unchanged by methanol up to 0.076% and declined slightly to 96%63% of the control when methanol was increased to 0.76%, but did not reach statistical significance (P.0.05).
Experiment 2: Effect of Intraluminal Administration of S1P on Renal Microvascular Reactivity
Because S1P is mainly produced from endothelial cells and circulating cells in vivo, 6,7 perfusion of S1P in the blood might exert different effects on renal vascular reactivity. To determine the effect of intraluminal administration of S1P on renal microvascular reactivity, we conducted a set of experiments (n=4 rats) by adding S1P to the blood perfusate. Briefly, during the control conditions, baseline diameters from different segments of renal microvasculature were recorded and measured. S1P was then directly added to the blood perfusate to achieve a plasma concentration of S1P approximating 0.1 mM. After a 15-minute stabilization period, the diameters of each microvascular segment were measured again at the same locations as in the control conditions. The results obtained with intraluminal S1P administration were compared with the responses of S1P (0.1 mM) delivered in superfusion solution (data were extracted from experiment 1).
Experiment 3: Effects of S1P Receptor Agonist FTY720 and Its Active Form FTY720-Phosphate on Afferent Arteriolar Reactivity
To define which subtypes of S1P receptors mediate the renal microvascular response to S1P, we assessed the effect of the S1P receptor agonist FTY702, which will activate S1P receptors except S1P2. 52 Briefly, after the control period, FTY720 concentrations over a log concentration scale from 0.001 to 10 mM were superfused directly onto the inner cortical surface for 5 minutes at each concentration while perfusion pressure was maintained at 100 mmHg. Because FTY720 only caused modest afferent arteriolar vasoconstriction compared with S1P, we further assessed the effect of its biologically active form, FTY720-phosphate, on afferent arteriolar reactivity. Similar to the FTY720 experiments, FTY720-phosphate concentrations over a log concentration scale from 0.001 to 10 mM were superfused instead of FTY720. Each group consisted of six to seven kidneys. The degrees of afferent arteriolar vasoconstriction by FTY720 or FTY720-phosphate were compared with S1P-induced vasoconstriction performed in experiment 1.
Experiment 4: Effect of Selective S1P1 Receptor Agonist SEW2871 on Afferent Arteriolar Reactivity
The selective S1P1 receptor agonist SEW2871 was used to differentiate afferent arteriolar reactivity to S1P1 versus S1P3 receptor activation. Similar to the S1P experiments, SEW2871 concentrations over a log concentration scale from 0.001 to 10 mM were superfused (n=7). The degree of afferent arteriolar vasoconstriction by SEW2871 was compared with S1P-induced vasoconstriction performed in experiment 1. Because ethanol was used for dissolving SEW2871, the effects of ethanol on afferent arteriolar reactivity were assessed during exposure of increasing concentrations of ethanol (0.000009%-0.09%) that mimic the ethanol concentration used in the SEW2871 solutions (0.001-10 mM). Results from the vehicle control experiments showed that superfusion of ethanol up to 0.09% had no detectable effect on arteriolar diameter.
Experiment 5: Effect of Selective S1P2 Receptor Antagonist JTE-013 on S1P-Mediated Afferent Arteriolar Reactivity
To determine the contribution of S1P2 receptors in mediating S1P-induced vasoconstriction, afferent arteriolar reactivity to S1P was assessed in the presence of the selective S1P2 receptor inhibitor JTE-013. Briefly, after a 5-minute control period, the superfusate was continued (control) or switched to the superfusate containing JTE-013 at 1 or 10 mM for a 30-minute period and then S1P concentration-response (0.001-10 mM) was conducted during superfusion of JTE-013. At the end of the experiments, arterioles were exposed to KCl (55 mM) to determine the effect of depolarization on afferent arteriolar diameter in the presence of JTE-013. Each group consisted of six to seven kidneys.
Experiment 6: Effect of L-VDCC Blockers Diltiazem or Nifedipine on S1P-Induced Vasoconstriction
To elucidate the signaling pathway responsible for S1P-induced vasoconstriction of afferent arterioles, we examined a possible role of L-VDCCs in S1P-mediated vasoconstriction by application of L-VDCC blockers. A single dose of S1P (0.1 mM), which caused a modest afferent arteriolar vasoconstriction in experiment 1, was chosen. Briefly, after a 5-minute control period, the kidney was exposed to S1P (0.1 mM) for 5 minutes while perfusion pressure was held at 100 mmHg. After a 5-minute recovery period, the superfusate was switched to an identical solution containing diltiazem (10 mM) or nifedipine (1-5 mM) for 5 minutes before repeating S1P.
Effect of Intravenous Injections of S1P on RBF in Anesthetized Rats In Vivo
To support our in vitro findings, we conducted an in vivo study in pentobarbital-anesthetized rats by monitoring RBF and BP responses after bolus injections of S1P. The details of the surgical process were previously described. 49 Briefly, rats were anesthetized with pentobarbital (50 mg/kg intraperitoneally) and the left carotid artery and femoral vein were cannulated to monitor arterial pressure and to deliver drugs, respectively. RBF from the left kidney was measured using an ultrasonic flow probe (Transonic Systems, Inc., Ithaca, NY). After a 60-minute stabilization period, rats were given intravenous bolus injections of S1P from 0.25 to 20 mg/kg body weight (n=6) or vehicle as the control (n=3) via the femoral vein at least at 5-minute intervals and RBF and BP were continuously monitored and recorded using CHART 5 (ADInstruments, Colorado Springs, CO).
Expression of S1P Receptors in Renal Microvessels by Western Blot
Preglomerular microvessels were collected as previously described. 53 Briefly, rats were anesthetized with pentobarbital for retrograde perfusion through the abdominal aorta. The kidneys were flushed with 5.2% BSA solution followed by 5% Evan's blue. The kidneys were removed and decapsulated in ice-cold physiologic salt solution (PSS). After removing the medulla and intrarenal and arcuate arteries, cortical tissue was gently pressed on a nylon membrane sieve (100-mm pore size; BioDesign, Inc., Carmel, NY) and rinsed with ice-cold PSS. The kidney tissue was transferred into a 20 ml-PSS-containing dithiothreitol, collagenase type II, trypsin inhibitor, and albumin (4 mg for each), and incubated for 20 minutes at 36.5°C. After digestion, the media was poured onto a 70-mm nylon sieve and rinsed with ice-cold PSS. Segments of interlobular arteries with attached afferent arterioles were identified and collected by microdissection under a stereoscope. The collected microvessels were quickly frozen with liquid nitrogen and stored at 280°C until analysis.
Protein expression of S1P receptors in preglomerular microvessels was determined by Western blot. Briefly, isolated renal microvessels were homogenized in radioimmunoprecipitation assay lysis buffer (EMD Millipore, Billerica, Temecula, CA) with protease inhibitor cocktail (One cOmplete tablet in 10 ml lysis buffer; Roche Diagnostics, Penzberg, Germany) using the Bullet blender (Next Advance, Inc., Averill Park, NY). Protein concentration was determined by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA). Protein aliquots (20 mg) were mixed with loading buffer (Invitrogen, Carlsbad, CA) and separated on a 4%-12% Bis-Tris electrophoresis gel (Invitrogen). Proteins were electrophoretically transferred from the gels onto nitrocellulose membranes (Bio-Rad Laboratories). After blocking nonspecific binding sites with 5% fat-free milk in Trisbuffered saline/Tween 20 buffer, the membranes were incubated overnight (4°C) with subtype-specific primary antibodies against S1P1 (1:500), S1P2 (1:500), S1P3 (1:500), S1P4 (1:200), or S1P5 (1:200) receptors, respectively. The washed membranes were incubated again with donkey anti-rabbit IgG horseradish peroxidase conjugate (GE HealthCare, Buckinghamshire, UK) for 1 hour at room temperature. Negative controls were prepared by incubation with normal rabbit serum IgG instead of primary S1P antibodies. Densitometry was performed using enhanced chemiluminescence detection (Konica Corporation, Tokyo, Japan) and was determined by b-actin expression using UN-SCAN-IT software (Silk Scientific, Inc., Orem, UT).
Purified polyclonal antibody for S1P1 (ab77076) and mAb for S1P3 (ab108370) receptors were purchased from Abcam (Cambridge, UK). Purified antibodies for S1P2 (sc-25491), S1P4 (sc-366771), and S1P5 (sc-25493) were from Santa Cruz Biotechnology (Santa Cruz, CA). The antibody specificity for S1P2 receptors was characterized by several studies including two studies in kidneys. 11, 12 The antibody specificity for S1P5 receptor was assessed in a previous study. 54 Although the antibodies for S1P1 and S1P3 receptors are widely applied in mouse tissues rather than rat tissues, the epitope sequences for these antibodies are specific to the S1P1 and S1P3 receptors and do not cross-react with other family members. The polyclonal rabbit antibody for the S1P4 receptor is raised against the C terminus of the human S1P4 receptor protein. The S1P4 antibody does not crossreact with other family members as determined by BLAST searches.
Expression of S1P Receptors in Preglomerular MVSMCs by Immunofluorescence Staining
To eliminate the contamination of MVSMCs with tubular and endothelial cells, S1P receptor expression was examined in single MVSMCs. Briefly, preglomerular microvessels were isolated and digested as described above. The isolated renal microvessels were further digested in a 5 ml-PSS solution containing papain (7 mg), dithiothreitol (2.7 mg), and albumin (20 mg) at 36.5°C for 10-12 minutes. Cells were centrifuged and then fixed in 4% paraformaldehyde for 10 minutes and air-dried on glass slides at 37°C. The slides were rinsed in PSS and blocked in 10% normal goat serum for 1 hour. The cells were incubated with primary antibody for S1P1 (ab11424, 1:100), S1P2 (1:100), or S1P3 (1:100) receptors combined with primary antibody for a-smooth muscle actin (1:300; Biocare Medical, Concord, CA) overnight (4°C). The cells were rinsed in PSS and incubated with Alexa Fluor 594 goat anti-rabbit IgG (1:200; Invitrogen) and Alexa Fluor 488 donkey anti-mouse IgG (1:600; Invitrogen) for 1 hour and then with Hoechst nuclear stain, (1 mg/L; Invitrogen) for 5 minutes at room temperature. After a final rinse with PSS, samples were covered with Gel-Mount medium and coverslips. Negative controls were prepared by omitting the primary antibodies against S1P receptors and a-smooth muscle actin with the rest of process identical. Images of immunofluorescence stained cells were captured using an Olympus BX40F-3 fluorescence microscope equipped with an Olympus DP70 digital camera using DP Controller software (Olympus Optical Co. Ltd., Tokyo, Japan).
Drug Preparation
S1P (ENZO Life Sciences, Inc., Farmingdale, NY) was dissolved in methanol to make a stock solution of S1P at 1.3 mM according to the manufacturer's instructions, and then aliquoted in Eppendorf tubes for storage at 220°C. S1P was diluted in Tyrode's buffer containing 1% BSA on the day of experiments. JTE-013 (Tocris Bioscience, Ellisville, MO), FTY720 (Cayman Chemical, Ann Arbor, MI), and SEW2871 (Cayman Chemical) were dissolved in ethanol to yield final stock concentrations of 50, 60, and 10 mM, respectively, and were further diluted in Tyrode's buffer containing 1% BSA before each experiment. FTY720-phosphate (Cayman Chemical) was dissolved in methanol to yield a final concentration of 2.6 mM and further diluted in Tyrode's buffer containing 1% BSA before experiments.
Statistical Analyses
All values are expressed as means6SEM. Vascular responses were normalized as a percentage of the control diameter. Within-group analysis was performed using one-way ANOVA for repeated measures followed by post hoc analysis with Dunnett's multiple range test. Significant differences between groups were determined using oneway ANOVA and Dunnett's post hoc tests. A P value,0.05 was considered significant.
